The effectiveness of a membrane process combining ultrafiltration (UF) and nanofiltration (NF) for purifying and concentrating non-digestible saccharides (NDS) from yacon rootstock was examined. The yacon rootstock used as experimental material contains, among various other agromaterials, a comparatively large amount of NDS, fructooligosaccharide (FOS) and inulopolysaccharide. After extraction with hot water followed by UF clarification and NF purification processes, the resulting NF retentate containing NDS in high concentration was obtained as a 25-fold concentrated product. NDS purity was ultimately raised from 81% to 98% by the combined membrane processes of UF and NF (with G10 membrane). HPLC analysis revealed that the NF membranes had specificity of rejection for saccharides of particular degrees of polymerization (DP). The rejection performance remained constant throughout the NF process. On the whole, the results indicate that the combined membrane-processing system is quite promising for value-added products using purified concentrate of NDS.
An oligosaccharide is defined in principle as being formed from 2-10 monosaccharides (Osborn & Khan, 2000) and is a component stored in various agroproducts as an energy source. Oligosaccharides with a degree of polymerization (DP) of 3 and over can be distinguished from monosaccharide (saccharide of DP 1) and disaccharide (saccharide of DP 2) by their physiological functions (Hayakawa et al., 1998) . There has been increasing consumer awareness in many countries of a variety of reported physiological benefits (Anderson & Hanna, 1999; Cummings et al., 1992; Dai et al., 2000; Gibson & Roberfriod, 1995; Gallaher & Khil, 1999; Greger, 1999; Hayakawa et al., 1998; Kunz et al., 2000; Reddy, 1999; Roberfroid, 2000; Van Dokkum et al., 1999; Van Loo et al., 1999) , and health claims have been made for many advertised products.
Of the many kinds of indigestible oligosaccharides, fructooligosaccharide (FOS) consists of single or multiple fructose moieties attached to sucrose. Its beneficial features and vital regulatory functions have been reported. It has mild sweetness similar to that of sugar, causing fewer tooth cavities (Hayakawa et al., 1998) , it enhances food body, has a relatively low calorific value (Hayakawa et al., 1998; and barely elevates postprandial serum glucose levels (Hayakawa et al., 1998 ) (a feature which favors diabetics by moderating the glycemic and the insulin response) and serum cholesterol level (Hayakawa et al., 1998) , reducing risk of cardiovascular disease (Anderson & Hanna, 1999) . It reaches the large intestine intact, as it is non-digestible, being immune from acidolysis and hydrolysis in the intestinal tract (Roberfroid, 2000; Nilsson et al., 1988; Andersson et al., 1999) and preferentially promotes the growth of endogenous bacteria such as bifidobacteria or lactobacilli (Gibson & Roberfriod, 1995; Jenkins et al., 1999; Menne et al., 2000; Rao, 1999; Roberfroid et al., 1998; Roberfroid, 2000) , potentially benefiting host health. This improvement of the composition of microbial flora inhibits the growth of pathogenic or corruptive bacteria (Gibson & Roberfriod, 1995; Jenkins et al., 1999) , smooths absorption of minerals (Gibson & Roberfriod, 1995; Greger, 1999; Morohashi et al., 1998) , expedites production of vitamins (Gibson & Roberfriod, 1995) , reduces cancer risk from carcinogens (Gallaher & Khil, 1999; Reddy, 1999; Taper & Roberfroid, 1999) , and promotes immunopotentiation (Fukata et al., 1999; Gibson & Roberfriod, 1995) . Thus, it can be stated that FOS is highly suitable as a functional food ingredient.
Non-digestible saccharides of higher DP, such as inulopolysaccharide, can be classified in the dietary fiber (DF) category of nutrition. The DF category is now accepted as the sixth nutrient group after carbohydrate, protein, fat, vitamin and mineral groups. A daily intake of 20 to 25 g is recommended according to "Recommended Dietary Allowances for Japanese, 6th revised edition" (Ministry of Health, Labour and Welfare, Japan) and "Standard Tables of Food Composition in Japan, 5th version" (Kagawa et al., 2001) . Some unique beneficial features and physiological effects of practical equivalence to FOS's have been reported in respect to inulin and other DFs (Anderson & Hanna, 1999; Andersson et al., 1999; Cummings et al., 1992; Gibson & Roberfriod, 1995; Greger, 1999; Jenkins et al., 1999; Menne et al., 2000; Rao, 1999; Roberfroid, 2000; Roberfroid et al., 1998; Taper & Roberfroid, 1999; Van Dokkum et al., 1999; Van Loo et al., 1999) .
Of those crops having significant FOS and inulin content, such as onion, burdock, banana and composite plants, yacon (Smallanthus sonchifolius (Poepp.& Endl.) H.Robinson) in particular has been reported to have high FOS and inulin content in its rootstock (Matsumoto et al., 1994) , and its cultivation conditions have been studied (Kameno et al., 1994) . Today, yacon is being cultivated on a large scale all over Japan, and the domestic annual yield exceeds 400 tons (information supplied by Nakanishi, National Kinki-Chu-Shikoku Agricultural Experiment Station). Although the yacon rootstock grows underground, it is relatively juicy inside, more like an apple than a potato, and fairly susceptible to putrefaction because of its high hygroscopicity and biodegradability so that it starts to deteriorate only a few days after being harvested. Thus, speed is necessary in the post-harvest processing of the yacon rootstock. Against this background, this study was designed to provide knowledge of how to develop a simple, brief and reliable process to purify and concentrate oligosaccharides from oligosaccharide-rich crops in order to improve their availability.
One of the most promising methods for purifying and concentrating solutes such as oligosaccharides in extract utilizes membrane technology. This technology can be found in most modern food processes, and is a pressure-driven method. It is capable of purifying and concentrating a sample solution, does not induce heat damage in the sample, does not consume energy for phase transition, and is free from harmful organic solvents. It has favorable characteristics such as mobility, simplicity of structure and small spatial apparatus requirement for the apparatus. A variety of research studies have investigated the application of this technology to the processing of fruit juices, beverages (Alvarez et al., 1998; Cheryan, 1998; Girard & Fukumoto, 2000; Kamada & Nakajima, 2000; Koseoglu et al., 1990; Ohya & Watanabe, 1999; Singh & Cheryan, 1998) or other food-related liquid (Matsubara et al., 1996) . Reports have been few on the combination of indigestible saccharides from crops and membrane technology, but Urano et al. (1997) reported several properties of membrane separation of oligosaccharides using standard saccharides and nanofiltration (NF) in 1997.
In this study, pilot-scale membrane processing was carried out to purify and concentrate non-digestible saccharides extracted from yacon rootstock. Separative properties and accurate mass balance during the operations were determined.
Materials and Methods
Materials The agromaterial used in this study was yacon (Polymnia sonchiafolia) rootstock, sent in a frozen state by the National Kinki-Chu-Shikoku Agricultural Experiment Station. Yacon rootstock is comprised of 83.1% moisture, 13.8% nonfibrous carbohydrate, 1.1% ash, 1.0% protein and 0.9% fiber, according to Matsumoto et al. (1994) . Kestose, nystose (supplied by Meiji Seika Kaisha, Ltd., Saitama), fructose, glucose, sucrose, maltotriose, maltotetraose, maltopentaose, maltohexaose and maltoheptaose (purchased from Wako Pure Chemical Industries Ltd., Osaka) were used as standard saccharides for HPLC analysis. Two sets of plate-and-frame type membrane modules with a total membrane area of 0.36 m 2 (LAB-Module 20-0.36, De Danske Sukkerfabrikker, Copenhagen, Denmark) were used for each ultrafiltration (UF) and NF process. These modules were equipped with two variable-speed motors (Induction Motor TK-F, Sumitomo Heavy Industries, Ltd., Tokyo and Induction Motor World Energy, Toshiba Co., Tokyo). A schematic of the complete apparatus is shown in Fig. 1 .
One of the most widely used UF membranes, GR61PP (Danish Separation Systems AS, Nakskov, Denmark), was used for clarification. The membrane is made of polysulfone with a nominal molecular weight cut-off of 20,000. Four NF membranes, G5, G10, G20 and G50 with nominal salt rejection of 65, 30, 10 and 3%, were used to evaluate the suitability for purification. The G5, G10, G20 and G50 membranes (Desalination Systems Inc., California, USA) are made of polyamide composite.
Sample preparation A simple process sequence is outlined in Fig. 2 . The raw yacon rootstock was freeze-dried with a freeze-drier (FD-81, Tokyo Rikakikai Co., Ltd., Tokyo), 1250-g of it was ground into powder using a sample mill (SK-M10, Kyoritsuriko Co., Tokyo), dissolved into 50 l of deionized water and stewed at 98°C for 2 h to prepare crude extract of saccha- (2), inlet pressure gauge (3), membrane (4), membrane module (5), permeate line (6), outlet pressure gauge (7), pressure control valve (8), flow meter (9), retentate line (10), thermometer (11) and stirrer (12). rides.
To eliminate sediment in the crude extract that might spoil the efficiency of the membrane process, the crude extract was filtered once using soy cloth (Menkimou, Kitamura Seihu Co. Ltd., Ibaraki) prior to the UF process. The percentage of dry matter in the solution was reduced from 2.5% to 2.1% by this prefiltration.
UF and NF processes The prefiltered solution was subjected to batch UF processing with full recycling of retentate in order to remove large molecules such as protein, starch, fibers and suspended substances until the amount of retentate became less than the hold-up volume and could no longer be recycled (Fig. 1) . As a preliminary test, the effect of flow rate (4 to 7 l/ min) and pressure (0.1 to 0.8 MPa) on permeate flux were examined. The optimum operating conditions were found to be 6 l/ min for the flow rate and 0.52 MPa for the pressure. Feed temperature was controlled by water-cooling the feed tank. Saccharide concentrations, permeate flux, electric conductivity and the weight of permeate and retentate were measured. To measure the concentration of saccharides and salts, a refractometer (PR-1, ATAGO Co. Ltd., Tokyo) and an electric conductivity meter (AB-6, ORGANO Co. Ltd., Tokyo) were used. The salts concentration (mg/kg) was determined from measured electric conductivity (S) and the calibration curves obtained under several kinds of standard saccharides concentrations ranging 0 to 37.5°Brix.
The saccharide-containing clarified permeate obtained from the UF process was next batch-processed by NF with full recycling of retentate in order to concentrate the oligosaccharides and reduce some moieties of mono-and di-saccharides and salts. This process was continued until the amount of retentate became insufficient for recycling. The flow rate and the operating pressure were set at 6.2 l/min and 5.0 MPa in the same manner as in the UF process. The apparatus used for NF was the same as for UF except for pump and pressure gauges. Saccharide concentrations, permeate flux, electric conductivity and weight of permeate and retentate were measured more than 10 times during the process. Ten milliliters samples of the permeate and retentate were periodically taken and subjected to HPLC analysis to determine the time course of saccharide rejection.
Analysis by HPLC Ten microliters from each sample was analyzed by HPLC with 70% acetonitrile as eluent to study the NF membrane performance closely. The HPLC apparatus was composed of a degasser (880-51, JASCO, Tokyo), automatic pump (PU-980, JASCO), automatic sampler (851-AS, JASCO), NH 2 -bound column (Capcell pak NH2, Shiseido Co., Ltd., Kanagawa), RI detector (830-RI, JASCO) and a personal computer (OptiPlex G1, DELL) equipped with data-processing software (Borwin-NT, JASCO). This system was used to measure the concentrations of saccharides of different DP in the samples.
Results and Discussion
UF The time courses of the retentate weight ratio (RWR), permeate weight ratio (PWR), saccharide concentrations and permeate flux during the UF process are shown in Fig. 3 . RWR, given as a percentage, shows a decreasing curve from 100% of the initial feed down to 3.3% for the final retentate ( Fig. 3 (a) ). The weight concentration ratio (WCR) was calculated to be 30 according to the following equation (1),
where W 0 is the initial feed weight and W FR is the final retentate weight. Saccharide concentration increased from 2.0°Brix in the initial feed to 10.9°Brix in the final retentate, with a rapid elevation in the final 40 min (Fig. 3 (b) ). Permeate flux declined gradually from an initial value of 42.4 to 11.6 l/(m 2 h) at the end of the UF process (Fig. 3 (b) ). The relatively steep decline in permeate flux during the first 20 min was presumably due mainly to fouling of the membrane. The other relatively steep decline in permeate flux was during the final 40 min, and might have been from increased viscosity of the retentate and osmotic pressure difference between the retentate and the permeate across the membrane.
From the experimental results shown in Fig. 3 and the following equation (2), the average apparent rejection through the process (R av ) can be determined:
where C Ri and C Rf are saccharide concentrations of the initial retentate and the final retentate, and W Ri and W Rf are weights of the initial and final retentate (Cheryan, 1986) . Thus, the value of R av for the totality of saccharides was determined to be 54.8%. As for concentration of salts, only a slight change was observed between the initial feed of 662 mg/kg and the total permeate of 638 mg/kg (Fig. 4 (a) ) because of the low salt rejection of the UF membrane. The value of R av for salts, calculated according to the equation above, was 21.4%. After 420 min of processing, 96.7% of the initial feed was recovered as permeate of saccharide concentration of 1.7°Brix and salts concentration of 638 mg/ kg (Fig. 4 (a) ); 82.2% of the saccharides in the initial feed was recovered in the total permeate. An equivalent inclination was confirmed for the UF process carried out prior to the G5 process as shown in Fig. 4 (b) .
NF A preliminary investigation of the four types of membrane (G5, G10, G20 and G50) revealed a marked decrease in the permeate flux of G50 and G20 membranes during the 7-h total circulation process. While both G10 and G5 membranes exhibited relatively stable permeate flux during the operation, G10 maintained higher permeate flux than G5. Additionally, our previous feasibility study had shown that, of the four membranes, G10 and G5 were comparatively well suited for rejecting oligosaccharides (Urano et al., 1997) . The G10 and G5 membranes were therefore chosen for further NF investigations.
Time courses of RWR, PWR, saccharide concentrations and permeate flux during the NF G10 process at 5.0 MPa pressure are shown in Fig. 5 . PWR increased with time, and 96.0% of the initial feed had permeated through the G10 membrane by 105 min of the process (Fig. 5 (a) ). WCR in the process was calculated to be 25.2. Saccharide concentrations of the retentate increased from 1.7 to 28.5°Brix at the end of the process (Fig. 5  (b) ). Initial permeate flux was 92.5 l/(m 2 h), this remained constant for the first 40 min, and then decreased almost linearly with time to a final permeate flux of 18.8 l/(m 2 h); the decrease of permeate flux in the process was 86%. Pure water flux of the G10 membrane before and after the process was measured as 163 and 106 l/(m 2 h); this decrease was due to membrane fouling. Additional consideration of the steep decline of permeate flux in the final 50 min follows. In the final 30 min, saccharide concentrations in the retentate rose from 9.1 to 28.5°Brix with that of the permeate only rising from 0.7 to 1.3°Brix. Osmotic pressure of the solution with saccharides can be estimated by an equation induced by Nabetani et al. (1992) . The osmotic pressure difference arising from the difference in saccharide concentrations across the membrane between the final retentate and final permeate was calculated to be 1.7 MPa at the end of the G10 process. Due to the effect of concentration polarization in the retentate, the actual osmotic pressure difference should substantially exceed 2.0 MPa by the final stage of the process. The osmotic pressure difference due to the difference in concentration of salts across the membrane was estimated to be low, at 0.21 MPa according to van't Hoff's law. Consequently, the effective pressure will be significantly lower than the operating pressure of 5.0 Mpa, mainly due to the osmotic pressure caused by difference in saccharide concentrations between permeate and retentate, and the reduced effective pressure might be the primary cause of the reduced permeate flux.
For the other NF process with G5 membranes, time courses of RWR, PWR, saccharide concentrations and permeate flux during the process at 5.0 MPa pressure are shown in Fig. 6 . While the RWR and PWR show similar curves to those for the G10 process ( Fig. 5 (a) ), the time for completion of the process was 218 min, which was about twice that for the G10 process (Figs. 5 and 6) . The difference between the G10 and G5 processes in permeate flux accounts for this (Figs. 5 and 6) ; the decrease in the permeate flux with G5 is less than that with the G10 process (Figs. 5 and 6 ). This tendency is consistent with the results from a preliminary investigation of the four types of membrane, namely that a membrane with smaller pores demonstrates more lasting permeate flux stability. The average apparent rejection (R av ) for saccharide through the G10 and G5 operations was calculated to be 88.2% and 96.1%. The yields of saccharide in these respective processes were estimated to be 68.7% and 88.4%. Overall yields of saccharides in the NF final retentate through the combined processes, UF-NF (G10) and UF-NF (G5), were calculated to be 56.4% and 68.1%. 95.4% of monosaccharide and 77.4% of disaccharide were removed by the G10 process, and 59.2% and 34.2% by the G5 process. The content of saccharides of DPм3 increased from 80.7% to 97.9% through the G10 process, and from 81.4% to 90.5% through the G5 process. Thus, it can be concluded that the G5 membrane has the better performance in terms of saccharide yield, and the G10 is better for purifying them.
We measured the concentration of saccharides of particular DP in the samples from each initial feed, retentate and permeate sampled during the G10 and G5 processes, using HPLC. Values of apparent rejection (R app ) for saccharides of DP 1 to 10 were calculated using equation (2). All the values of R app for saccharides of DP 1 to 10 maintained steady levels relative to each other throughout both NF processes, despite the 17-or 21-fold increase in the saccharide concentrations of the retentate. This implies a stable capability of the G10 and G5 membranes to reject saccharides.
The averaged R app for saccharides of DP 1 to 10 by both processes is shown in Fig. 7 (a) . The averaged R app values for the G10 process were calculated to be 14.0% for monosaccharides, 46.2% for disaccharides, 80.9% for trisaccharides and 91.5 to 99.9% for saccharides of DP 4 and higher (Fig. 7 (a) ). Those for the G5 process were 64.9%, 81.6%, 97.3% and 99.2 to 99.9% (Fig. 7 (a) ). The G10 and G5 membranes showed higher rejection for saccharides of higher DP. The G5 membrane, having smaller pores than the G10, provided higher rejection for any saccharides of DP 1 to 10. The R app values obtained from the previous study (Urano et al., 1997) and this study were found to be quite consistent with each other. Mono-and di-saccharides were preferentially removed from the retentate, while saccharides of DP 3 and higher were effectively retained and concentrated in the retentate. This characteristic of purifying functional saccharides enhances the final retentate as a premium FOS concentrate.
The concentration of salts increased from 662.4 mg/kg of the initial feed before the UF process to 4960 mg/kg and 7350 mg/ kg of the final retentates at the G10 and G5 processes (Fig. 4) . Although vacuum concentration, which is widely used in industrial concentration of beverages or liquid foods, inevitably increases the concentration of salts, equal to WCR, the ratio of concentration increase of salts in this UF-NF combined process was only 7.5 (with G10) and 11.2 (with G5), while WCR was 25.3 (with G10) and 24.9 (with G5) (Fig. 4) . While the rise in the concentration of salts is still lower than the saccharide concentration ratio (Fig. 4) , it is regarded as being rather high, judging from the size-dependent sieving mechanism of the membrane process. Values of R av for salts were determined as 64.2% and 77.8% in the G10 and G5 processes.
Finally, distribution of saccharides of DP 1 to 10 before and after the G10 and G5 processes as gross weight content in the NF initial feed, total permeate and final retentate are shown in Figs. 7 (b) and (c). Since yacon rootstocks are an agroproduct, small differences in initial composition of saccharide were observed between the samples applied in the G10 and G5 experiments (Figs. 7 (b) and (c) ). Using the G10 and G5 processes, 95.4% and 59.2% of monosaccharide, 77.4% and 34.2% of disaccharide in the initial feed permeated and 62.1% and 93.6% of saccharide of DP 3, 76.4% and 98.1% for DP 4 and over 84.7% and 98.7% for DP over 5 remained in the retentate. Monosaccharide and disaccharide obtained in the permeate in purities of 47.3% and 6.6% by the G10 process, and 76.0% and 8.3% by the G5 process can be further processed by means of reverse osmosis, and utilized as normal sugar products.
Precise mass balances of the two processes, UF-NF (G10) and UF-NF (G5), are provided in Fig. 4 . Values for the weight and the concentration of saccharides and salts are itemized individually and are illustrated as bars of relative lengths, with full length representing the maximum value of an item throughout the entire system. Actual values are indicated below corresponding bars.
In conclusion, the combined UF-NF system used in this study was found to be quite effective and promising for purifying and concentrating oligosaccharides and dietary fiber from crops such as yacon. Further studies on decolorization and desalting with preparatory treatments before extraction, UF with finer membranes and electrodialysis will increase the practical potential of this type of pressure-driven method for producing non-digestible saccharide concentrate of higher quality and for making a gradual contribution to public health through the food processing industry.
